The tectobulbar tract is the first long-distance projecting fiber pathway to appear during the development of the avian optic tectum (dorsal half of the mesencephalon). Immunologically stained wholemounts of the E3 mesencephalon reveal that the early tectobulbar axons course in a dorsalto-ventral direction and abruptly turn in a caudal direction shortly before reaching the ventral midline. During subsequent development, more tectobulbar axons are generated that form a parallel array of thick fascicles coursing ventrally within the mesencephalon. At this later stage of development, the tectobulbar tract bifurcates into an ipsilateral and contralateral pathway, both growing in a caudal direction near the mesencephalic ventral midline. Bifurcation and change in direction of growth is accompanied by a complete loss of the fasciculated growth pattern. Each tectobulbar axon is thus divided into a proximal fasciculated and a distal unfasciculated segment.
The tectobulbar tract is the first long-distance projecting fiber pathway to appear during the development of the avian optic tectum (dorsal half of the mesencephalon). Immunologically stained wholemounts of the E3 mesencephalon reveal that the early tectobulbar axons course in a dorsalto-ventral direction and abruptly turn in a caudal direction shortly before reaching the ventral midline. During subsequent development, more tectobulbar axons are generated that form a parallel array of thick fascicles coursing ventrally within the mesencephalon. At this later stage of development, the tectobulbar tract bifurcates into an ipsilateral and contralateral pathway, both growing in a caudal direction near the mesencephalic ventral midline. Bifurcation and change in direction of growth is accompanied by a complete loss of the fasciculated growth pattern. Each tectobulbar axon is thus divided into a proximal fasciculated and a distal unfasciculated segment.
Tectobulbar fascicles occupy the most superficial surface layer of the mesencephalon at early stages and are displaced deeper into the tissue beginning at embryonic day 5. In both of these locations, tectobulbar axons express molecules involved in axon-axon and axon-substrate interactions like the G4 antigen, neural cell adhesion molecule (N-CAM), neurofascin, and T61 antigen as revealed by immunohistochemistry and immunoblotting.
Stripes of the mesencephalon explanted onto a basallamina substratum show vigorous outgrowth of neurites. These processes grow in fascicles at a growth rate of 40 !tm/h. Staining of the neurites with specific antibodies, as weil as the position of the retrogradely labeled cell bodies, is in agreement with these processes being tectobulbar axons. This in vitro explant system was used to investigate the expression and possible functional involvement of N-CAM, neurofascin, G4 protein, and T61 antigen in the growth of these axons. The presence of antigen-binding fragments of polyclonal anti-G4 antibodies completely blocks fasciculation of the neurites but has no influence on their rate of elongation. Antibodies against N-CAM and neurofascin have no detectable effects. The number and length of the in vitro growing axons are reduced by the monoclonal T61 antibody. This effect is reversible. The elucidation of the exact course in vivo and the accessibility to the axons growing in vitro make the tectobulbar tract an excellent model system for the investigation of the role of these and other proteins in axon al growth and guidance during the development of the CNS.
The characteristic pattern of nerve tracts that conneet distant parts of the CNS is generated during embryonie development by axonal elongation along stereotyped pathways. The precision and reproducibility ofaxonal growth results from the exact guidance of the processes' leading tip (growth cone) to the appropriate target cel\. Adhesive as weIl as repellent cell-surface interactions between the highly motile growth cone and its immediate cellular and extracellular environment are considered to play a crucial role in the establishment of neuronal trajectories during development (Bray and Hollenbeck, 1988) . A number of glycoproteins have been characterized and im plicated in the contro1 ofaxonal extension and fasciculation during CNS development (Hoff man et aI. , 1982; Henke-Fahle and Bonhoeffer, 1983; Keilhauer et al., 1985; Kruse et al. , 1985; Stallcup and Beasley, 1985; Fischer et al. , 1986; Chang et al. , 1987; Lagenaur and Lemmon, 1987; Rathjen et al. , 1987a, b; Tomaselli et al., 1988) . Probably, a combination of several types of interactions, precisely tuned and mediated by different molecules, results in the generation ofaxonal trajectories during embryonic development (JesseIl, 1988) .
The avian embryonic mesencephalon has previously been the subject of many developmental studies, because it is easily accessible in ovo for transplantation (Alvarado-Mallart and Sotelo, 1984; Senut and Alvarado-Mallart, 1987; Thanos and Dütting, 1987) and has a uniquely laminated structure (LaVail and Cowan, 1971a; Gray et al., 1988) . In addition, the mesencephalon (whose dorsal halfis called the optic tectum) receives a massive, topologically organized neuronal projection from the contralateral retina and has therefore been the tissue of choice for the investigation ofneural specificity (DeLong and Coulombre, 1965; Rager, 1980; Thanos and Bonhoeffer, 1983; Waiter et al. 1987a,b) . The mesencephalon develops from the middle ofthe primary brain vesicles ofthe cranial neural tube in a weil characterized rostroventrolateral to caudodorsomedial gradient (LaVail and Cowan, 1971a) . Until embryonic day 2 (E2), the paired, thin-walled mesencephalon consists only of neuroepithelial cells. These rapidly dividing precursor cells are radially oriented between the pia and the ventricular surface and form a pseudostratified neural epithelium with their cell bodies 10-cated at various levels between the ventricle and the external limiting membrane (Sauer, 1935) . Between E2 and E3, the first neuroepithelial ceHs cease their ceIl division cycle and differentiate into neuroblasts (Windle and Austin, 1935; Lyser, 1966; LaVail and Cowan, 1971b; Puelles and Bendala, 1978; Puelles et al., 1987; Layer et al., 1988) . These cells send out axons that grow circumferentially towards the ventral region of the mesencephalon. The axonal processes group together in fascicles and eventually form the tectobulbar tract (Goldberg, 1974) . These tectofugal neurons have also been named circumferential fibers (Puelles and Bendala, 1978) , tangential fibers (Windle and Austin, 1935) , or tectal ganglion cells (Domesick and Morest, 1977) .
During the early stages of development, the tectobulbar processes form the most superficial layer of the mesencephalon (marginal zone), but with proceeding development, these axon bundles are displaced deeper into the tissue and eventually contribute to the stratum album centrale (SAC), the main tectal efferent layer (Goldberg, 1974; Puelles and Bendala, 1978) . The surface of the mesencephalon is then formed by the stratum opticum (SO), a lamina that contains retinal axons, originating in the contralateral eye (Rager and von Oeynhausen, 1979) .
Although a considerable amount of information about the gross morphological and anatomical development of the mesencephalon has accumulated, its investigation has not yet advanced from the general descriptive level to the ceHular, molecular, and functionallevel. In the present study, we characterize the tectobulbar tract in the avian embryonic mesencephalon using newly developed, high-resolution staining methods and antibodies directed against several defined cell-surface molecules. In addition, we established an explant system that permits vigorous and seIective outgrowth of tectal axons in vitra, thus allowing a detailed study of how antibodies directed against neuronal cell-surface molecules perturb axon al growth. These perturbation studies show that this explant system is excellently suited for the investigation of molecules involved in axonal elongation and neurite fasciculation during the development of a defined CNS pathway.
Materials and Methods
Antibodies. Polyclonal rabbit F(ab), fragments against the G4 protein (Rathjen et al., 1987a ; 5 mg/mi; dilution, I: I 000 for blots, 1:2000 for immunofluorescence), F6 (neurofascin; Rathjen et al., 1987b ; 5 mg/mi; I: 1000 in blots, I :500 in immunofluorescence), and neural cell adhesion molecule (N-CAM) (Hoff man et al., 1982; 4 .8 mg/mi; dilution, 1:1000 in blots, I :800 in immunofluorescence) were a generous gift of Or. F. Rathjen (Harn burg, FRG) . The chicken G4 antigen has been shown to be homologous to mouse LI (Rathjen and Schachner, 1984) , rat NILE (Stallcup and Beasley, 1985) , Ng-CAM (Grumet and Edelmann, 1984) , and chick 809 antigen (Lemmon and McLoon, 1986) . The monoclonal antibodies T61 (Henke-Fahle and Bonhoeffer, 1983 ; partially purified IgG fraction from mouse ascites; dilution: I :3000 in blots, 1: 1000 in immunofluorescence), and Q211 (Rösner et al., 1988 ; mouse ascites; dilution, 1:100) were obtained from Or. S. Henke-Fahle (Tübingen, FRG). The monoclonal antibody Julia-l (L. Niehörster, S. Kröger, and U. Schwarz, unpublished observations; see also Schwarz et al., 1987 ; ascites fluid; dilution, 1: 1000) was kindly provided by L. Niehörster (Tübingen, FRG).
Wholemounts ofthe avian embryonic mesencephalon. Both halves of the embryonic mesencephalon were dissected out ofthe embryo in Ca2+-and Mg'+-free PBS and cut midsagittally. One half was flat-mounted, pial side upward, on a black nitrocellulose filter (SM 13006; Sartorius, Göttingen FRG) for support as previously described for embryonic retinae (Halfter and Oeiss, 1984) . The meninges were carefully removed with watchmaker's forceps, and the resulting mesencephalon wholemount was fixed for I hr in 4% paraformaldehyde in 0.1 M potassium phosphate buffer (pH, 7.1). The wholemounts were washed extensively in 0.2% BSA in PBS, incubated with rabbit anti-G4 F(ab), fragments (2.5 ILg/ml), washed again thoroughly in PBS/BSA, and stained with the The Journal of Neuroscience, September 1990, 10(9) 3119 secondary antibody, fluorescein isothiocyanate (FITC)-coupled goat antirabbit (1:1000; Oianova, Hamburg, FRG). After a final wash in PBS/ BSA, the specimens were mounted in PBS-glycerol (1:1, v/v) and examined under a Zeiss standard epifluorescence microscope. Photographs were taken on Ilford HP5 film, and wholemounts were reconstructed from serial pictures. Incubation of wholemounts with the secondary antibody only gave controls with negligible staining.
Wholemounts of the complete caudal half of the brain were prepared, in principle, as described above. The whole brain was dissected out of the embryo and freed of the meninges. The prosencephalon and diencephalon were discarded. The remaining caudal part, including the mesencephalon, metencephalon, myelencephalon, and the rostral part of the spinal cord, were cut sagittally in the dorsal midline as described by Aitken (1987) . Both hemispheres, still connected with each other on the ventral side, were attached to a piece ofnitrocellulose as mechanical support, with the ventricular side facing the filter.
DiI staining. Fixed tissue was stained with 0282; I, I' ,dioctadecyl-3,3,3' ,3' -tetramethylindocarbocyanine perchlorate (DiI) (Molecular Probes Inc., Eugene, OR) as described by Godement et al. (1987) . BriefIy, a small crystal of dye was placed either on the surface of embryonic brain wholemounts, or on the distal parts oftectobular axons, that had been cultured in vitro for 1 day. Following dye placement, both tissues were stored for 2 months in the dark. Staining was observed directiy in wholemounts or after etyostat sectioning of the explant stripe.
Histology. For immunohistochemistry, whole heads of E5 and E8 ehick embryos were fixed and coronally cryostat-sectioned as described by Halfter (1987) . Parallel, 15-ILm-thick sections were mounted on slides, coated with 0.5% gelatin and 0.05% ehromalumn, and stained with antibodies as described by Halfter et al. (1987) . Equivalent parts ofthe most advaneed rostroventral region ofthe mesencephalon were selected in the parallel sections and photographed. The nomenclature of the 6 major laminae of the mesencephalon was adopted from LaVail and Cowan (1971 a) .
Gel electrophoresis and antigen detection on blots. SOS-PAGE was performed essentially as described by Neukirehen et al. (1982) and von Boxberg (1988) . Ultrathin gels that were covalently bound to glass plates consisted ofa 5 or 7.5% acrylamide resolving gel and a 4% stacking gel. Teeta and retinae were dissected free of the meninges and pigment epithelium, respectively, and homogenized in 10 mM Tris-Cl (pH, 7.4) with I mM zinc chloride and I mM spermidine. After centrifugation at 30,000 x g, the resulting pellet (e.g., a crude membrane preparation) was transferred into solubilizing buffer (10% SOS, 5% mercaptoethanol). One-mieroliter sampies containing 0.5 ILg protein were applied to each lane of the gel. Isolated G4 protein, neurofascin, and N-CAM were directly dissolved in solubilizing buffer at a concentration of 30 ILg/ml. The proteins had been affinity-purified from adult chick brains and were a generous gift ofF. Rathjen. After electrophoresis, proteins were transferred onto nitrocellulose, which was subsequently blocked in 2% polyvinylpyrrolidone (PVP) (Sigma, Munich, FRG) for 2 hr and incubated with the primary antibody diluted in PBS containing 0.05% Tween 80 and 0.1 % PVP. The nitrocellulose was then washed 3 times in the same buffer and incubated with the secondary antibody (peroxidase AffiPure goat anti-rabbit F(ab'), fragments; dilution, 1: 1000; Oianova, Hamburg, FRG). Staining was performed with 4-chloro-I-naphthol (0.5 mg/mi) and H,O, (0.015%). Some sampies were incubated only with the secondary antibody to check for nonspecific binding. No staining was visible in these controls.
Explants. Mesencephalic explants could be obtained from E3-E6 chick embryos. Maximal axon outgrowth was observed when the donor age was E5. Explantation of stripes from E7 or older tecta did not result in axonal outgrowth, but multipolar neuronal cells left the tissue (S. Kröger, unpublished observation). For explantation, optic tecta were dissected out of the embryo, split midsagittally, and spread on a filter, with the former ventricular side facing the nitrocellulose, as previously described for retinal explants (Halfter et al., 1983) . For optimal outgrowth, a perfectiy flat-mounted mesencephalon was a necessary prerequisite. Folds or lesions result in non-neuronal cells leaving the explant. Orientation is possible as the ventral tissue bulge (tegmentum) is clearly visible. After rem oval of the meninges, the mesencephalon was cut into 250-ILm-wide stripes in an anterior-to-posterior direction. The stripes were placed with the former pial side facing the substrate on a moist basal lamina, prepared from E8 embryonic chick retinae according to Halfter et al. (1987) . No difference in the pattern ofaxonal growth was observed between basallaminae with the endfeet ofneuroepithelial cells attached and basal laminae freed of the endfeet by detergent extraction . Stripes were usually taken from the central third of the mesencephalon to avoid explantation ofaxons from the mesencephalic nuc1eus ofthe trigeminal nerve (Rogers and Cowan, 1973) . After a 30-minute attaehment period in a 37·C humidified incubator with 4% CO 2 , eulture medium was carefully added. The medium consisted of Dulbecco's modified Eagle's medium (DMEM) (Gibco, Eggenstein, FRG) supplemented with 10% fetal calf serum and 2% chicken serum. In some cases, cytosine arabinoside (Ara C) was inc1uded in the cu1ture medium at a eoneentration of 10-5 M to block eell proliferation. Cultures were usually grown for 40 hr and fixed thereafter in 4% paraformaldehyde. For better documentation, the axons were stained with the Q2l1 antibody as deseribed for cryostat seetions. This antibody binds to the ganglioside GD, (Rösner et al., 1988) and intensely labels all postmitotic neurons in the CNS. The same procedure was used for staining processes in vitro with anti-G4, anti-neurofascin, and anti-N-CAM rabbit po1y-clon al antisera, as weil as the T61 monoc1onal antibody. Specimens stained only with the secondary antibody showed only negligible background labeling.
The growth rate ofaxons was estimated by measuring their length at given time intervals with a calibrated oeular micrometer. The growth rate was calculated as the mean of at least 3 different experiments with 4 explants each. The influence of anti-F6, anti-N-CAM, and anti-G4 antibodies on tectobulbar axons growing in vitro was investigated by adding F(ab), fragments (final concentrations, 0.1-1 mg/mi) to the culture medium at the time of explantation. The monoclonal T61 antibody was used at a final concentration of approximately 80 !J.g/ml. Quantification of the growth inhibitory effect of the T61 antibody was performed by comparing the length ofthe axon front ofexplant stripes that were previously 10cated next to each other in the tectum. The reduction ofthe number ofaxons by the T61 antibody was quantified by counting the number of fascicles leaving a segment of 1000 !J.m of the explant stripe in the presence and absence of the antibody.
Results

The course 0/ the tectobulbar axons
Wholemounts stained with appropriate antibodies are weil suited to visualization of the different fiber tracts in the early embryonie mesencephalon. The 04 antibody was chosen because it brightly labels all long-distance projecting axonal pathways but leaves cell bodies unstained, thus reducing the anatomical complexity of the picture obtained. Oue to massive cell proliferation and the resulting increase in thickness, wholemounts of optic tecta from embryos older than E8 are difficult to flatmount, do not allow complete penetration of the antibodies, and were therefore not investigated. Figure I shows a flat-mounted E3 mesencephalon that was stained with anti-04 antibodies to reveal alliong-distance projecting axon trajectories. The tectobulbar processes course in a dorsal-to-ventral direction within the mesencephalon (Fig. I , small arrows) but on approaching the ventral midline, they abruptly turn in a posterior direction towards the spinal cord. After this 90° turn, they descend parallel to the medial longitudinal fasciculus (MLF), wh ich originates outside the figure at the caudal end of the diencephalon (Rhines and Windle, 1941; Lyser, 1966; Letourneau et al., 1988) . Few tectobulbar processes are present at this time, and they simultaneously appear across the entire dorsal third of the mesencephalon. No difference in the number ofprocesses between the anterior and posterior parts ofthe mesencephalon was detected; a difference might have been expected from the well-known anterior-to-posterior gradient of cell differentiation.
With proceeding development, more tectobulbar axons are generated that join the already existing fibers (not shown). By E6, the tectobulbar axons have formed a parallel array of thick fascicles still coursing in a dorsal-to-ventral direction ( Fig. 2A) . The diameter of each fascicle is approximately 20 ~m. Frequently, axons shift as small bundles from one fasciele to a neighboring one (Fig. 2C ). At the ventroanterior pole, tectobulbar axons are displaced from the lateral surface, and retinal axons begin to invade the most superficial layer of the mesencephalon. They grow as unfasciculated single axons on top of and at a right angle to the tectobulbar fascicles (Fig. 2B) . Their identity as retinal axons was confirmed by their anterograde labeling after intraocular injection of rhodamine ß-isothiocyanate (RITC) according to Thanos and Bonhoeffer (1983) and by their absence in embryos where the contralateral eye anlage had been extirpated (data not shown). Although retinal and tectobulbar axons are located in e10se proximity, they do not have direct contact with each other but are spatially separated by cells that are immunologically negative for 04 protein (data not shown).
Several other fiber tracts can be observed in E6 wholemounts: the anterior commissure connecting both tectal halves (Figs. 1, 2A. large arrows) and the mesencephalic trigeminal tract ( Fig.  2A . curved arrows) that projects from the dorsal midline ofthe caudal tectal third, at a slight angle to the tectobulbar fascieles, and out ofthe mesencephalon to the trigeminal nerve ( Fig. 2D ; Rogers and Cowan, 1973) .
Between E3 and E6, massive cell proliferation takes place in the optic tectum, and therefore the surface area of the mesencephalon increases from 4 mm 2 to 25 mm 2 • Correspondingly, the amount ofaxons visible in wholemounts increases in number. The exact course ofthe tectobulbar axons outside the optic tectum cannot be revealed with 04 staining becausc, on E6, the ventral region of the mesencephalon (tegmentum) is occupied by several other axon al tracts that also express thc 04 protein.
In order to investigate the orientation of thc tectobulbar axons near the ventral midline and to obtain information about the morphology oftheir cell bodies, wholemounts ofthe caudal part of E6 brains were prepared. A sm all crystal of Oil was placed on the surface ofthe fixed mesencephalon in such a position as to label tectobulbar axons anterogradely and their somata retrogradely. Figure 3a shows a schematic representation of the experiment.
The majority of cell bodies retrogradely stained by Oil are round or oval-shaped with a diameter of 1 0 ~m. Each cell body has a process that heads towards the pia first, then bends just beneath the meningeal surface (Eg. 3c. arrows) and continues to grow in a medial direction parallel to the pial surface. Only 1 process is extended from every cell body (Eg. 3, b. Cl. Most processes seem to be properly oriented from the beginning because a correction of growth direction near the cell body was not observed. Figure 3 , d-f, shows a few rare exceptions where the cell bodies have already developed highly branched appendages, presumably dendritic processes. These complex cells are most frequently found in the anterior mesencephalon, the part that is developmentally most advanced. In contrast to the "simple" cells, their cell bodies are located on top of (more meningeal to) the axonal processes.
Anterograde labeling reveals tectobulbar axons coursing in thick fascicles in a dorsal-to-ventral direction within the optic tectum, resembling the picture obtained in 04-stained wholemounts. On approaching the ventral midline, however, they completely alter their bundled structure, defasciculate, and split into 2 different subpopulations (Fig. 3g) . One of these turns caudally on the ipsilateral side ( Fig. 3a. pathway 1) , whereas the other crosses the midline before abruptly changing its direction of growth on the contralateral side (pathway 2). To determine if individual axons send branches down both sides of the spinal cord or if separate populations of cells projected ipsilaterally and contralaterally, very small DiI crystals, which allow selective labe1ing of only a few processes, were applied. Careful investigation of these spccimens showed that the con· tralateral axons are not collaterals branching off the ipsilateral processes, but instead are separate axons originating from cell bodies distributed evenly over the whole tectal hemisphere. The ipsilateral projection of one tectal half does not combine with the contra lateral pathway of the opposite tectal half to form I axonal trajectory. Instead, both pathways stay separate from each other with the contralateral patbway coursing nearer to the ventral midline (not shown). Only I or 2 axons per preparation were observed to cross the midline and invade the contralateral optic tectum in a ventral to dorsal direction (Fig. 3a, pathway  3) . Ascending processes to higher brain centers are not labeled.
The Journal ot NewoIcienoIt, September 1990, 10(9) 3121 Figure J. ~ft hemisphereofE3 mesencephalon wholemount stained wilh anti-G4 antibody. 80th hemispheres were dissected out or the embryo and cut midsagittally. One halr was flalmounted on nitrocellulose and stained wilh the G4 anlibody to label alilongdistance u.onal projections. Tectobulbar axons (smalf arrQws) course in a dorsal-to-ventral direction until th ey reach the boUom ofthe mesencephalon (tegmentum), where they make a 90" turn and grow in a poslerior direction, parallel to the medial longitudinal fasciculus (MLF) The ipsilateral and contralateral projections contain about the same number ofaxons and have advanced approximately the same distance. No growth cones can be traced in the E6 brain wholemount beyond the caudal border of the metencephalon.
Biochemical characterization 0/ the teetobulbar axons in vivo
Antibodies directed against several cell-surface proteins were used to detecl tbc spatial and temporal distribulion ofthe corresponding antigens by immunoblouing and immunohislo· cbemistry. ES and E8 tecta were chosen because they represent 2 different but defined stages during the development of the tectobulbar tracl. Until ES, tectobulbar axons grow in fascicles within the most superficiallayer, called the marginal zone, but beginning on ES.S, they shift to deeper layers as they are displaced from the tectal surface by cells migrating laterally from thc ventricular proliferation zone (La Vail and Cowan, 1971 b; Puelles and Bendala, 1978) . The most superficial layer is invaded by retinal axons starting on E6 from the anterioventral pole (Rager and von Oeynhausen, 1979) . By E8, retinal axons have formed the SO. Thus, in sections of E8 tecta, the immunoreactivity ofretinal and tectal axons can be directly compared. The plane of sectioning was chosen in an anterior-to-posterior dircction, perpendicular to the tectobulbar axons, to show their faseiculated appearance (best illustrated in Fig. 4,f, 1) .
04 and F6 (anti-neurofascin) immunoreactivity in the E5 and E8 optic tectum is confined to layers bearing axons (Fig. 4, b,  h. f, 1) . Cell bodies are not stained. Both antibodies label the same layers, but the neurofascin immunofluorescence is considerably weaker compared to 04 staining. In addition, the neurofascin immunofluorescence is not homogeneously distributed within each fiber bundle in sections of E5 optic tecta. The ventricular part of each fascicle shows astronger signal compared to the part that faces the meninges [compare the spatial distribution of the immunoreactivity of neurofascin (Fig. 4b) with the immunofluorescence of 04 (Fig. 4.1) , which labels an axons throughout the fascicle]. In the E8 optic tectum, neurofasein staining ofthe tectobulbar axons is too weak for a detailed investigation of its spatial distribution. A corresponding nonhomogeneous staining for neurofascin has been described for retinal axons in the optic fiber layer of the embryonic retina (Rathjen ct aL, 1987b) . The G4 antibody, in contrast, uniformly labels tectobulbar fascicles within both the marginal zone at E5 and the SAC at E8 (Fig. 4,f, 1) . Between E5 and E8, the fascicles increase in size by the addition ofnew processes. The expansion of each fascicle occurs radially, along the ventricular/pial axis. In contrast, the diameter of each fascicle in the anterior-toposterior direction remains constant, resulting in a comb like structure ofthe SAC in the G4-stained E8 mesencephalon (Fig.  41) . While F6 and 04 only label axon-bundle-containing laminae, T61 and N-CAM show a more general distribution (Fig.   4 , c. i, and e, k). Although the axon-containing layers are preferentially stained, both antigens also appear within the neuroepithelium at E5 and the inner cortical plate (JC) at E8.
The monoclonal antibody J ulia-l was used to localize growth cones becausc it binds to a protein present on growth cones but not on the rest of the axon nor on the cell bodies of retinal and tectobulbar axons (L. Niehörster, S. Kröger, and U. Schwarz, unpublished observations; see also Schwarz et al., 1987) . On E5, immunofluorescence of Julia-l antigen is restricted to the axon-bearing marginal zone ofthe mesencephalon (Fig. 4d) . The staining is observed only on substructures within each fascicle, which roughly correspond in size and Iocation to the distribution of growth cones also found in electron micrographs of the same tissue (data not shown). At ES, the growth cones oftectobulbar axons within the SAC are preferentially labeled, but punctate staining is also observed within the IC and the SO (Fig. 4j) . This result indicates that even at E8, there are still growth cones present in the SAC Nothing is known about the structures stained within the IC but staining ofthe SO could be due to the growth cones of invading retinal axons. Within each tectobulbar fascicle on E5 and E8, growth cones are evenly distributed throughout each axon bundle without any preference to the medial or lateral side. This i5 consistent with electron microscopic investigations showing growth cones randomly distributed in each fascicle (S. Kröger, unpublished observation).
To establish the specificity ofthe antibodies used for staining, we investigated their binding to proteins that had been separated by SDS-PAGE and transferred to nitrocellulose. In immunoblots of homogenates from E5 (Fig. 5A, 2) and E8 (Fig. 5A, 3) optic tectum, the F6 antibody recognizes a minor component at 180 kDa and a more prominent doublet at 160 kDa. In contrast, affinity-purified neurofascin from adult chick brain forms a major diffuse band at 135 kDa and minor bands at 180 and 160 kDa (Fig. 5A, I ). The different staining patterns of affinity-isolated material and material from embryonic tecta are probably due to the generation of neurofascin-related polypeptides by proteolytic degradation during purification ofthe affinity-isolated material as has been previously reported by Rathjen et al. (1987b) .
Antibodies against G4 protein detect, in E5 and ES mesencephalon, a weak band at 200 kDa and a major component at 135 kDa (Fig. jA. 5, 6 ). This is identical to the pattern obscrvcd after separating immunoaffinity-isolated material from adult chick brain (Fig. jA, 4) .
N-CAM is detected in protein blots ofE5 (Fig. 5B, I ) and E8 (Hg. 5B, 2) optic tectum as a broad band with an apparent molecular weight between 180-350 kDa, wh ich reflects the structural heterogeneity of the protein as previously described (Hoffman et aL, 1982) . This diffuse staining corresponds to the embryonie (E)-form of N-CAM, which is highly glycosylated, with as much as 30% of its mass due to polysialic acid. ElO tectal tissue, wh ich contains this high-molecular-weight E-form of N-CAM, and EIO retina, with the predominantly low-molecular-weight (due to much less glycosylation) adult (A)-form of N-CAM (Schlosshauer et aL, 1984) and affinity-purified N-CAM from adult chick brain, which migrates predominantly as bands of 120, 140 and 180 kDa, were used as controls (Fig.  5B,3-5) .
The T61 monoclonal antibody recognizes a single protein migrating at approximately 480 kDa in the SDS gels ofE5 (Fig.  5B, 6 ) and E8 (Fig. 5B, 7) mesencephalon. This pattern is identical to the bands observed with EIO tecturn, EIO retina, and adult whole brain (Fig. 5B, 8-10 ), tissues in which the T61 antigen has already been characterized (R. Babiel, W. Reckhaus, and S. Henke-Fahle, unpublished observations).
Taken together, these results confirm that the antibodies used to characterize tectobulbar axons in cryostat sections bind to the expected proteins in immunoblots. None of the antibodies used discriminates between retinal and tectobulbar axons in immunologically stained sections ofE8 optic tectum.
In vitro cu/ture 0/ tectobulbar axons
To investigate the function of identified molecules during development of the tectobulbar pathway, we turned to explant cultures because they cause less disruption and less mechanical stress to the ceHs. In addition, processes sometimes leave the explanted tissue in a direction that resembles their in vivo orientation (Raymond-Johns et al., 1978; Halfter et al. , 1983) . Stripes of E5 mesencephalon show vigorous neurite outgrowth when explanted with the former meningeal side facing the underlying basal lamina substrate (Fig. 6) . Axons emerging from the explanted tissue grow at a speed of 40 ± 5 j.!m/hr (mean ± SEM; N 5) and reach a length of approximately 1.5 mm after 40 hr, the normal culture period. These axons grow in fascicies, indicating a preference of adhesion to olher neurites compared to the underlying substratum. Growth cones are visible at the tip of each fascicle. Branching ofaxons growing in vitro was never observed, but microspikes were sometimes visible proximal to the growth cone. Axons did not extend more than 3 optic tectum. a aod g show correspondins pha$e.rontrast pictu.res. Tbe same ellposure time was used for all fluorescent pictures. Thc fascicuJated pattem cf the tectobulbat axons is easily observable in G4-staincd scctions. ME, meni.nges; MZ, mlU)ina1zooe; NE. neu roepithelium; V, ventrieie: SO, stratum opticum; Je, inner conical platc; SAC, stratum album centra1e; SV, subveotricuJar ZDne. Scale bar, 100 "m. mm in length because the neurites start to degenerate approx· imalely 80 hr after explantation. Thc reasons for this cell death are unknown. Neurites leave both sides ofthe explant stripe in equal amounts, but the first axons appear earlier on the side fonnerly facing the ventral part of the mesencephalon. Therefore, the axon front on this side is often slightly funher advaneed than its dorsal counterpart. Non-neuronal eells were never observed leaving the stripe ifthe mesencephalon was perfectly flat· mounted prior to explantation. Occasionally, the cell bodies of the tectal axons were located outside the explant stripe. The addition of Ara C to thc medium had no detectable effeet on the number ofaxons leaving the explanted tissue, indicating that at least most of the cells extending processes weI"C already postmitotie at the time of explantation. Oil administered to fixed neurites emerging from the tectal explants retrogradely stains eell bodies within the stripe. These eells are round or oval.shaped and located elose to the former meningeal surface that, in vitro, faces the substratum (not shown). The position ofthe rctrogradely labeled cells in the explant stripe eorresponds to the position of tt:etobulbar !XII bodi~ labded with Oil in vivo. In addition to the position of the cell bocHes, the antigenicity ofthe processes was investigated. Neurites leaving the tectal explant were stained with antibodies against the T61 antigen, neurofascin, G4 protein and N-CAM (Fig. 7, A-D) . All 4 antigens are expressed by the axons in vitro, indicating that the outgrowing processes might be tectobulbar axons.
Tectobulbar axons in Yivo and the axons leaving the explant stripe in Yitro express N·CAM, G4 protein, neurofasein, and T6l antigen. All ofthese proteins have previously bcen shown to affect the pattern of neurite outgrowth. To test the possible funetion ofthese proteins on the growth ofteetal axons in vitro, we investigated the influence of antibodies against these proteins in the explant eulture system. The fascieulated growth of the axons in vitro is easily observable and therefore faeilitates the analysis of moleeules involved in neurite-neurite interactions. Addition of anti-G4 F(ab)l fragments to the culture medium results in a elear defasciculation without interfering with the rate ofaxonal elongation (Fig. 8, a. b) . This defasciculation is therefore probably due to a reduetion of side-to-side interactions among tectobulbar axons while neurite-substratum interaclions remain unaffected. Ten sets ofexperiments wilh 4 explants each were earried out to quantify these results. Axonal fasciculation was disturbed in all experiments if the final coneentration of anti-04 F(ab}z fragments in the medium was 0.5 mg/mi and more. Ir the concentration was reduced to less than 0.1 mg/mi, no effeet on the bundling ofaxonal processes was observed. Addition of excess affinity·purified 04 protein together with the F(ab)l fragments abolished the elfeet oflhe anti·G4 antibodies. F(ab)l fragments ofanti-N-CAM and anti-neurofascin antibodies at the same or at even higher (I mg/mi) concentration had no detectable influenee on the growth pattern of the axons In vitro (data not shown; 8 independent experiments with 4 expl31ltS t:3I:h). Tht: ,dtt: or allonal dongatioll in the prt::;t:nl:t: and in the absence of anti-G4, anti-N-CAM, and anti-neurofascin antibodies was 40 ± 5 ... m/ hr (N = 5).
The outgrowth of tectal fibers from explant stripes is sub· stantially reduced in number and length when the T61 monoelonal antibody is ineluded in the culturc medium (Fig. 9, a. b) . In the presence ofthe T61 antibody, the length oflhe axon front after 40 hr in culture was redueed 10 27 ± 1.4% (N -16) of that from control stripes incubated with a eontrol antibody. To eompare the number ofaxons growing in vitro in the presence and in the absence of the T6l antibody, we also eounted the number of identifiable fascieies leaving segments of 1000 101m of the explant stripes. The T6l antibody reduced the number offaseieles to 50 ± 3.2% (N = 16) ofcontrols. The total number
Figur" 6. Explan t stripe from ES chiclr: optic teclum Cullured 40 hr on E8 reti nal basal la mina. Vigorous oUlgrOwth of proc:esses alon, the whole len,t h of the stripe can be seen. Axonal o ulgrOwth is conftned to the basal lamina and nol observed on the surroundin, pol ylysine coati.,.. Tbe mesencephalon has becn spread on a nitrocellulose liher and cut into stripes in an an terior-to-posterior di rection. Tbc stripes WffC placed with the fonner meninceal side facinl the substrate. Al:ons Illere counterslained with the antibody Q21 1. The nitrocellulose filter was removed dunng processing. Note that oUlgrOwth ofaxons is observed on both sides o f the uplant S1ripe, but tbe axon front at the side that was originally faci n, in a ventral direction in the embryo (and is directing IIp in the aetual fIgure) is s1ightly funher advanced. Scale bar, 400 "m.
offaseiclcs per IOOO-,um segment was red ueed from an average of 19.9 in the absence 1010. 1 in the presence of the anlibody. In addition, the size ofthe fasckles seemed to be smaller in the presence of the T61 antibody. but no attempts were made to quan tify this difference. Addition of the antibocly to alreadygrowing axons resulted in a cessa.tion of elongation within 2 hr, but growth cones remained visible. Inhibition of growth is reversible by exchanging the medium and, therefore, nOI due 10 general cytotoxity. In 7 of 8 experiments with 2 explant stripes each, the axonal front started 10 advance again 3 hr after removal oft he T61 antibody. The cultures had previously been exposed 10 the antibody for 5 hr. In 1 experiment, the axons did not recover; instead, they started 10 fo rm varieosities typieal for degenerating axons. In this case, the growth eones had eollapse<!. Outgrowth ofaxons from dorsal root ganglia explanted on retinal basallaminae were not inßuenced by the same concentration of the T6l antibody (not shown; see Henke-Fahle and Bonhoeffer, 1983) .
OISCUBBio"
Wholemount preparations of the embryonie CNS have been especially advanlageous eompared 10 serial scctioning in the invesligation of specifie neuronal subtypes and oflong-distance axonal projections (Goldberg, 1974; Halfter and Deiss, 1984; Aitken, 1987) . This lechnique, in combination wilh specific an1ibodies, provides an excellenl view of the developing neuronal archi tecture, including complete axonal pathways, because il combincs the sensitivity of ßuorescent labels with thc selecli vity of antibody binding.
Our results using immunologically stained, ftat-mounled optic tecta show lectobulbar axons that have already extended a considcrable distance by E3. The origin of the processes is predominantly the dorsal third of the mesencephalon. This is in agreement with previous investigations that have shown thaI tectal eells become poslmitotie around E2 in the dorsal-most part of the mesencephalon and that tectobulbar axons are Ihe firsl processes to appear in the oplic tectum (Windle and Austin, 1935; Lyser, 1966; laVaii and Cowan, 1971a, b; PuelJes and Hendala, 1978; layer el al., 1988) .
While the first tectobulbar axons displaya strictly ipsilateral course, same of Ihe laler-appearing axons conlinue to grow straight and cross the ventral midline before tuming in a caudal direction. The origin of these commissural axons cannot be localized 10 a specifie area of the oplic tectum because placing Dil crystals at various positions on Ihe teela) surface always Firure 7. Ellpression of T61 antigen (A), neurofascin (8), G4 protein (C). Ind N-CAM (D) by teclalaxons in vilro. 5tripes of the optic tectum wer"e tIlplanted on a basal lamina substrate and cultured for 40 hr. Ellplanl5 we re then fixed in 4% parafonnaldehyde and slained. Areas with a relativel y low axon density were selected for documentation. The ex plant stripes are localed on the lej/ side, outside thc picture. Scale blrs, 7S .l'm. labels the same amount of ipsi-and contralateral tectobulbar axons. In Sterns more likely that a random distribution betwecn ips i-and contralateral axons exisu at !his early stage.
O UT investigations are in agreement with previous work of Domesick and Morest (1977) , in which they reported that, beginning on E5.5, the cell bocIies of tectobulbar axons change their location from a more ventricular position undemeath the fascicle-containiflg layer to a more meningeal position on top ofthe fascic1es before extendingdendritic processes. They have described several distinct and strict1y time-Iocked cell stages in th is translocation process: radial, tangential, oblique, and young ganglion cell stages. Our results support their 6ndings because, in Dil -Iabeled wholemounts, the few tectobulbarcell bodies that had already extended highly branched dendritic processes were always located between the fascicles and the pia, while the "simple" round and oval-shaped cell bocIies were located underneath the fasc icles. Moreover, the complex cells were preferentially located in the anterior part of the optic teclum, corresponding 10 the advanced developmental stage of this area as described by Domesick and Morest (1977) .
The strong bundling within the optic tectum is the most characteristic feature of teetobulbar axons and clearly distinguishes them from the unfasciculated retinal axons. The formation of thick fascic1es probably helps the ordered displacement of the bundles from the most superficial layer of the optic teeturn deeper into the tissue, because cells that migrate out of the ventricular proliferating zone through the fascicles to form the cortical plate cannot easily divert axons out of the fascicles if the s ingle fi bers tightly adhere 10 each other. In add\Jion, the ordered perikaryal translocation process as described by 00-mesick and Morest (1977) might be facilitated by the axons being tightly fixed within the fascicles. Taken together, we assume that the fasciculated growth pattern of tectobulbar axons is a necessary prerequisite for their normal development.
Stripes of optk teetum explanted on a suitable substrate show vigorous extension of neurites. Severallines of evidence suggest that these processes are teetobulbar axons: Outgrowing axons can be obtained from mesencephalic explants at ages between EJ-E6, corresponding to the time when tectobulbar axons occupy the most superficial layerofthe optic tectum. Explantation of later stages where the tectobulbar fascicles have been displaced deeper into the tissue res ults in a deereased amount of axonal outgrowth, presumably because direet contact ofthe axons 10 the substrate at the time of exp lantation is a neeessary prerequisite for process extension. In addition, the processes in vitro express N-CAM, neurofascin, T61 , and 04, as do tectobulbar axons in vivo. In fact, tectobulbar axons are the only axons in the central part of the ES optic tectum expressing the G4 antigen as shown by the immunoftuorescent staining of wholemounts with the anti-G4 antibodies. Moreover, retrogradely labeled cell bodies in the explant stripe occupy the same position as the tectobulbar cell bodies in vivo. A1though these results suggest that the axons leaving the explant stripe are tectobulbar processes, we cannot completely rule out the possibility that they represent an inhomogeneous population of several types of neurites.
The lack of obvious effects of the mitosis inhibitor Ara C, when included in the culture medium, indicates that the transition from the mitotically active neuroepithelial cell precursor to the postmitotic axon-bearing neuron is at least not prominent in culture. We cannot decide at present whether the axonal growth observed in vitro is restricted to cells that were postmitotic at the time of preparation with axons sufficiently short 10 avoid being cut during stripe preparation and therefore rep- resent de novo growth, or whether the outgrowlng axons represent regenerating processes.
The basal lamina preparation used for this study has been shown to be an excellent substrate for neurons from the central and peripheral nervous system (Halfter el aJ., 1987) . It was mechanically isolated from E8 avian embryonic retina (Halfter el al., 1987) . This transparent preparation is initially covered by a carpet of neuroepithelial cell endfeet that can be removed by detergent treatment. Tectobulbar axons grow on both the denuded and the endfeet-containing preparation with the same pattern and the same speed. This indicates that thc outgrowthpromoting activity for tectobulbar axons is not exclusively endfeet associated, but it is also present in the lamina sheet itself. We do not know, however, which molecule{s) ofthe multicompanent basal lamina is thc outgrowth-promoting substrate used by tectobulbar axons in vitro. Likewise, we have no information conceming the substrate on which the axons grow in vivo. The extreme fasciculation , as weil as the presence of growth cones inside the fascicles in Vil'O. suggest that the tectobulbar axons grow on molecules preferentially expresse<! on the surface of allons and not on the neuroepithelial cells, which is the other cellular component within their immediate environment.
Fasciculated growth of tectobulbar axons is likely to be the result ofthe expression ofmolecules involved in neurite-neurite interaction . In the course ofthi s investigation, several molecules with this biological function could be identified on the surface ofteclobulbar axons and in Westem blots ofttetal tissue. These include neurofascin (Rathjen et al. , 1987b) , N-CAM (Hoffmann et al. , 1982) , and G4 anligen (Rathjen CI al., 1987a) , all ofwhich are involved in Cal--independent neural cell adhesion. The spatiotemporal distribution ofG4 and N-CAM immunoreactivilY in Ihe mesencephalon matches and elItends results obtained in previous investigations (Daniloff el al. , 1986; Lemmon and McLoon, 1986) . The establishment of an in vitro culture system for teclal allODS that resembles the characteristic fascicu lated growth observed in vim made it possible to investigate the funclional role ofthese proteins. Antibody perturbation studies show that blocking G4-antigen activity causes defasciculation of the axons in vitro. We consider the effec! of04 antibodies on fascicula tion specific because F(ab)l fragments of polycJonal antibodies against neurofascin and N-CAM, which also bind to the cell surface of lectobulbar axons in vivo and in vÜro. do not exhibit a comparable effeCI even al higher concentrations. This result indicatcs that fa sciculation of tectobulbar axons is mediated toa largeextent by 04, at least in vÜro. We cannot exclude the possibility that neurofascin and N-CAM have a function in axon-bundle fonnation in vi~'o because the defa sciculation was investigated on a retinal basal lamina preparation Ihal does not re presenl the in vivo environment of tectobulbar axons. Allernalively. intemeuronal N-CAM interactions may not predominale. For instance. N-CAM-mediated homophilic bindingoould be primaril y involved in the adhesive events between the te(;-tobulbar axons and the surrounding neuroepithelial cells, because both cell types express N-CAM. N-CAM has previously been shown to mediate the interaction between neurons and non-neuronal cells (Keilhauer et al., 1985) . Perturbation studies with injections ofthe different antibodies into the mesencephalic ventricle in ova are currently being undertaken to clarify the role of these proteins in viva.
The monoclonal antibody T61 reversibly reduces the growth of tectobulbar axons in culture. This antibody has been shown to inhihit growth of retinal axons in vitra on various substrates (Henke-Fahle and Bonhoeffer, 1983) and in organ-cultured avian embryonie eyes (Halfter and Deiss, 1986) , suggesting a prominent function for the antigen in axonal extension. The antibody binds to a glycoprotein that is present in the central, but not in the peripheraL nervous system (Babiel et al., unpublished observations) and does not influence axonal growth from PNS explants (Henke-Fahle and Bonhoeffer, 1983) . The antigen has been localized by electron microscopy to retina! axons and their extracellular matrix environment in viva (Halfter and Fua, 1987) and in vitra (Babiel et al., unpublished observations), indicating a possible synthesis and secretion of the protein by the axons. Distribution ofthe antigen in the mesencephalon and synthesis ofthe protein in vitra by tectobulbar axons is in agreement with these assumptions.
The fasciculated growth in the dorsal-to-ventral direction within the tecturn is in contrast to the seemingly unfasciculated growth in the caudal direction parallel to the ventral midline. The transition from a fasciculated to an unfasciculated growth pattern occurs at the point where the contralateral projection splits off and the ipsilateral projection changes direction to the posterior. Every axon, therefore, has a proximal fasciculated and a distal unfasciculated segment. It is conceivable that the loss of fasciculation is due to the spatially restricted expression of molecules that mediate bundling ofaxons. It has been shown for commissural axons in the rat spinal cord that 2 different cell-surface glycoproteins are segregated on different segments of the same axons, probably because synthesis of I protein is terminated and the other is switched on after the growth cone has reached a critical point in its axonal trajectory (Dodd et al., 1988) . One of these proteins is LI, the mouse homologue to chicken G4 protein (Rathjen et al., 1987a) . Differential expression of this protein only on parts of a commissural axon results in localized fasciculation within the rat spinal cord. Experiments designed to determine whether a similar localized expression of a protein-mediating fasciculation occurs along the tectobulbar pathway are in progress. Unfortunately, the immunoreactivity of tectobulbar axons is difficult to investigate at the point of ramifkation because, in this area, they are covered by a dense network of other tibers that are themselves immunologically positive for G4.
The orientations ofaxons in viva and in the stripe cultures differ considerably. While axons in the optic tectum are strictly polarized in the ventral direction at a very early stage, this orientation is not observed in vitra. though the axon front that, in the optic tecturn, pointed in ventral direction is, in vitro, always further advanced than the front directed towards the former dorsal side. Oriented outgrowth from explanted tissue has previously been obscrvcd in goldtish (Raymond-Johns et al., 1978) and chiek (Halfter et al., 1983) retinal axons. In the case of the chick retina, directionality of outgrowth could be destroyed by treatment of the explant stripe with trypsin or collagenase prior to explantation (Halfter et al. , 1983) . This procedure removes the inner Iimiting membrane and the neuroepithelial cell endfeet, thus disturbing the direct environment of retinal axons. In our preparation of the optic tectum, the meninges, along with the basement membrane (extemallimiting The Journal 01 Neuroscience. September 1990. 10(9) 3133 membrane) and the neuroepithelial eell endfeet, are removed before explantation (S. Kröger and L. Niehoerster, unpublished observations). Therefore, the lack of orientation of tectobulbar axons in vitra could be due to the distortion of the loeal microenvironment during preparation.
The availability of only a few def1ned explant culture systems for cells from the CNS that extend axons has been Iimiting for the in vitro investigation of determinants involved in the generation of the aecurate connectivity pattern du ring embryonic development. The tectobulbar traet represents a new, interesting model system for the funetional eharacterization of moleeules involved in the extension, fasciculation, and pathfinding ofCNS axons. In addition, wholemounts have shown that the embryonle mesencephalon contains 2 closely apposed layers of orthogonally oriented fibers (i.e., retinal and tectobulbar), wh ich are both now aceessible in vitra. This makes it possible to compare both types ofaxonal processes and to investigate the mechanisms that separate both long-distance projecting fiber pathways, a process that results in the formation of2 distinct plexiform laminae (SO and SAC, respeetively).
